A new experimental method (evaporation method) for calcium carbonate precipitation in aqueous solution was attempted in order to develop a convenient and controllable experimental technique for obtaining precise trace element partition coefficients. Calcite crystals were formed by evaporation of H 2 O from the aqueous mother solution using a dehumidifier, and the consumed Ca ions were supplied from a refill solution to maintain supersaturation. This method has been tested for Sr and Ba partition coefficients using NaCl (3.5%) solution under room temperature and pressure. The results of two runs give Sr partition coefficients of 0.0585 and 0.0546, and Ba partition coefficients of 0.0302 and 0.0275 for growth rates of 152 and 499 µmol·m -2 ·hr -1 , respectively. It was found that this method has several merits for partitioning experiments: (1) pH of the solution is close to the natural ones, for example, pH of 8.08 in the present case is close to that of seawater; (2) chemical composition of the mother solution can be chosen to imitate natural composition; (3) the crystal growth rate is controllable in a relatively small range and is measurable; and (4) temperature and P CO2 pressure can be controlled. The relative errors of the partition coefficients in the present study were estimated to be about 5%. The results seem to be promising, and suggest that more precise determination of partition coefficients could be possible via more careful experimental handling and improving the apparatus.
tween calcite and aqueous solution have been performed using various techniques (e.g., Holland et al., 1964; Pingitore and Eastman, 1986; Mucci and Morse, 1983; Tesoriero and Pankow, 1996; Prieto et al., 1997; Havach et al., 2001; Dietzel et al., 2004) . One technique is the free-drift method in which the calcium bicarbonate solution prepared by dissolving CaCO 3 in carbonic acid water is allowed to stand to drift the initial equilibration with releasing CO 2 (e.g., Kitano et al., 1971; Pingitore and Eastman, 1986; Terakado and Masuda, 1988) . In this method, however, the pH increases and the Ca concentration decreases significantly with time. Some investigators adopt another method in which the reactions are induced by mixing of two solutions (e.g., Lorens, 1981; Mucci and Morse, 1983; Tesoriero and Pankow, 1996) . For example, CaCl 2 and Na 2 CO 3 solutions are introduced into a reaction vessel using a dual syringe pump, and almost constant solution composition (including the pH) and a desired precipitation rate are maintained over the course of the experiments (Tesoriero and Pankow, 1996) . Zhong and Mucci (1993) developed the constant addition method where a magnesian calcite is precipitated via addition of calcite supersaturated artificial seawater into
INTRODUCTION
Calcite is one of the most common minerals on the earth's surface, and has been studied from various viewpoints, especially for obtaining information about the geologic past. Since most of the calcium carbonates, even though they occur mostly as limestone on the land, are precipitates from seawater, it is expected that we can deduce the environmental conditions of their formation using their chemical data (e.g., Kitano, 2004) . Examples include Sr/Ca and Mg/Ca ratios in corals or foraminifera for paleo-temperature proxies (e.g., Elderfield et al., 1996; Mitsuguchi et al., 2001; Marshall and McCulloch, 2002; Alibert et al., 2003) . Moreover, Ba in foraminifera is known to be related to oceanic alkalinity or deep-water circulation (Lea, 1993; Henderson, 2002) .
In order to understand those phenomena, both theoretical and experimental studies are necessary in addition to close scrutiny of natural materials. Many experimental investigations on trace element partitioning be-the reactor at a constant rate. This method can maintain a steady state and bring about a constant total reactive surface area of the solid. Moreover, Dietzel and Usdowski (1996) attempted the incorporation of Sr 2+ into calcite using a CO 2 -diffusion technique in which calcite was grown via the diffusion of CO 2 through polyethylene into 0.1 M CaCl 2 and CaCl 2 -MgCl 2 solution buffered at pH = 10.4, using the standard NH 3 -NH 4 Cl-buffer (cf., Dietzel et al., 2004) .
As described in these investigations, although the experimental techniques for the trace element partitioning in calcium carbonate system have been improved, the partition coefficient values reported for an element such as Sr, which is one of the more well-examined elements, show considerable scatter. Moreover, it is interesting that the theoretical Sr partition coefficients based on thermodynamics are about one order of magnitude higher than those of experimental values (Rimstidt et al., 1998; Wang and Xu, 2001) . These previous studies indicate not only that we need more experimental results with varying factors on the basis of one technique but also that we need efforts to develop more reliable methods. The constant addition system mentioned above (Zhong and Mucci, 1993) can maintain a steady state environment (i.e., constant saturation state and pH). However, the amounts of the crystals formed in this technique are rather small in normal experiments (e.g., Tanaka et al., 2004) . Even though this method seems to have some advantages, it would be better to compare the experimental partition coefficients obtained by one method with those in other systems. Therefore, we attempted a novel experimental technique in which supersaturation of the solution and subsequent crystal growth were attained by evaporation of water. In the present study, we would like to report the design of the system and some experimental results showing that the method is suitable for studying trace element partitioning between calcite and aqueous solutions.
EXPERIMENTAL METHOD
The experimental setup used in this study is illustrated in Fig. 1 . A polyethylene reaction container is placed in a water bath. The level of the solution is controlled by the float switch which is linked with the peristaltic pump that supplies Ca containing refill solution. The air in the system is circulated through the reaction container, dehumidifier, cooler and heater. The system is not completely closed, as the seal allows CO 2 exchange between the atmosphere and the solution. The dehumidifier eliminates humidity. Air temperature is monitored by the sensor attached in the upper part of the reaction container and is controlled by the cooler and the heater. The air temperature is set at a few degrees higher than the solution temperature to promote evaporation. Mixing of the solution is driven by the circulating air.
The mother solution (starting solution) was prepared by dissolving CaCO 3 (99.99%) in NaCl solution (3.5%) with air-bubbling and stirring. The solution was filtered through a 0.45 µm membrane filter, and small aliquots of the Sr and Ba solutions (1000 ppm), prepared from SrCl 2 ·6H 2 O and BaCl 2 ·H 2 O, were added to the mother solution as dopants. The refill solution was prepared by dissolving CaCO 3 in pure water, followed by filtration (0.45 µm) and dilution with pure water. The Ca content of Run-1 refill solution was 20 ppm, while a 5 ppm refill solution was used for Run-2 to reduce growth rate. All of the experimental runs were conducted at 25°C and at atmospheric CO 2 partial pressure (ca. 10 -3.5 atm) in an airconditioned room. Fine-grained calcite crystals (a few mg of reagent CaCO 3 ) were added to the mother solution to observe their growth. After arbitrary time intervals, small aliquots (ca. 6 ml) of the solutions were sampled to measure pH and Ca, Sr and Ba concentrations. Sampling causes decreases in Sr and Ba concentrations, but the total solution change of 18 to 30 ml for each solid sampling period (see below) is considered to be relatively small in comparison with 3000 ml of the total solution volume, leading to negligible influence on the partition coefficients.
In order to obtain incremental crystal samples, a polyethylene board (6 cm × 10 cm) was placed on the bottom of the container. At a specified sampling period, this board was exchanged with a new one, and the attached solid materials were rinsed immediately with pure water, dried and detached from the board for analyses. The solid samples were identified as calcite by powder X-ray diffraction, and no aragonite peaks were observed. The seed crystals added initially to the solution had not grown significantly according to the naked eye. After each run, it was found that thick crystals were attached not only on the bottom of the container but also on its walls. In fact, the crystals had grown on the newly placed plastic board.
The weight of the collected solids can yield growth rate (R) as follows:
where V indicates the crystal mass (µmol) formed on the plate, S is the area of the plate (m 2 ), and T denotes the crystal growth duration (hour).
pH was measured with a glass electrode pH meter calibrated with pH = 7 and pH = 9 standard solutions (reproducibility = ±0.02 pH). The Ca concentrations were measured by atomic absorption method using Sr for interference suppressor on the Hitachi Z-8200. The alkalinity of Run-1 was measured by titration with 0.02 mol/l H 2 SO 4 to a final pH value of 4.8. Sr and Ba were measured by isotope dilution using a JEOL 05RB thermal ionization mass-spectrometer. The chemical and mass-spectrometric procedures for Sr and Ba analyses are similar to those used widely for various geological materials (for example, Rb-Sr dating (e.g., Faure, 1977; Terakado and Nohda, 1993) and La-Ba dating (Masuda and Nakai, 1983) . Separations of Sr and Ba from other elements were performed by the conventional cation exchange column method used commonly for these investigations. The analytical uncertainties for Sr and Ba analyses in both solutions and solids are assessed to be about 1%.
RESULTS

Concentration changes
The pH, Ca, Sr and Ba concentrations of the solutions and of the solids in two runs are summarized in Table 1 , and are plotted against run durations in Figs. 2 and 3. At the initial stage of Run-1, the pH varies significantly, but after 200 hr, becomes constant, yielding an average of 8.08. The Ca concentration increases from 37.7 ppm to 84.4 ppm at the early stage of the experiment, and after slight decrease, the values become constant (the average of 4 points in the later stage data is 71.6 ppm). The Sr and Ba concentrations decrease almost linearly. The pH, Ca, Sr and Ba changes in Run-2 are similar to those of Run-1. The average values of pH and Ca for the later stage points (>300 hr) are 8.09 and 70.9 ppm, respectively. The variations or the deviations from the regression lines of Sr and Ba for the earlier stage of Run-2 (<600 hr) seem to be relatively large in comparison with those of the later stage ones (Fig. 3) . This is probably attributed to instability of the apparatus during the earlier stage of Run-2: i.e., the reaction container had tilted and the water level had not been adequately controlled.
Partition coefficients
In the present study, the partitioning of a trace element (Me) for calcite and aqueous solution is defined by the relation:
where X MeCO3 and X CaCO3 indicate the mole fraction of MeCO 3 and CaCO 3 in the calcite respectively, D is the partition coefficient, and [Me] and [Ca] denote the concentrations of Me and Ca in the solution (molality), respectively. The solid samples were identified as calcite by X-ray diffraction and, since the system is simple and Sr and Ba concentrations in solids are very low, the calcite can be considered pure calcite in the partition coefficient calculations. The crystals were collected occasionally (see Table 1 
Crystal growth rate and degree of supersaturation
The growth rates (R) obtained by Eq.
(1) were 497, 499, 147 and 152 µmol·m -2 ·hr -1 for Run-1 (144-312 hr), Run-1 (312-504 hr), Run-2 (360-684 hr) and Run-2 (684-968 hr), respectively. The growth rate can also be estimated by using the volume and Ca concentration of the refill solution, the run duration, and the area of the container. The obtained values are 415 µmol·m -2 ·hr -1 for Run-1 and 108 µmol·m -2 ·hr -1 for Run-2. Overall, these estimated values seem to be in agreement with the ones obtained by Eq. (1). Although these values are rough estimates, our growth rates are relatively slow in comparison with previous experimental data (cf., Lorens, 1981; Mucci and Morse, 1983; Tesoriero and Pankow, 1996; Huang and Fairchild, 2001) .
The degree of supersaturation (Ω) is customarily expressed by:
where K is the equilibrium stoichiometric solubility prod- (Millero, 1979; Zhong and Mucci, 1989) :
where A t-final is the titration alkalinity of the final solution and K 2 ′ is the second apparent dissociation constants of carbonic acid determined by Mehrbach et al. (1973) as refitted by Millero (1979) . Using the available alkalinity data (3.70 meq/kg; Run-1), we have calculated the Ω value. The alkalinity and the measured Ca concentration together with the stoichiometric solubility constant of calcite in 35 per mil salinity seawater at 25°C, determined by Mucci (1983) , (4.39 × 10 -7 mol 2 kg -2 sw) yield the Ω value of 1.18.
DISCUSSION
Concentration variations
As seen in Figs. 2 and 3 , the concentration of Ca and the pH both varied at earlier stages of these runs, and steady state appears to be attained after 300 hr. The Ca concentration increases in the solutions during the initial stages (<ca. 70 hr) is probably attributed to undersaturation of the solutions. However, the subsequent increases (ca. 70 hr to the Ca maxima) may indicate that the consumption of Ca via calcite formation is relatively slow in comparison with the sufficient supply of the refill solution. The steady state is attained at the point where the Ca amount supplied is balanced with the Ca consumption via calcite precipitation. The supply rate of the refill solution depends on the rate of evaporation of water, which is almost constant throughout the runs. On the other hand, Ca consumption via precipitation depends on the degree of supersaturation (Ω): Calcite precipitation rate data obtained in the previous investigations have most frequently been fitted to an empirical rate law of the form
where n is the empirical reaction order, and k is the rate constant (Mucci and Morse, 1983; Mucci, 1986; Zhong and Mucci, 1993) . From this equation, the precipitation rates (or growth rate R) during the initial stages of the runs are considered to be relatively small because of the low Ω values. As Ω increases, the consumption of Ca via calcite formation increases, resulting in the balance between supply and consumption of Ca ions. It is obvious that the partition coefficients must be obtained after the steady state is attained. The final solid sample of Run-1 and the final two solid samples of Run-2 are considered to meet the steady state condition (Figs. 2 and 3) . Thus the resultant partition coefficients can be obtained using these data.
Sr and Ba concentrations in the solution of Run-2 are very variable particularly in the initial stages. This early variation might be attributed to the variation in the solu- 
Error estimation
The solution volume or water level is considered to be oscillating during the runs due to inaccurate waterlevel control by float switch, causing errors in the concentrations. Such errors in Sr and Ba concentrations cancel out in the partition coefficient calculations (Eq. (2)), but the errors due to Ca concentration variations do bring about errors in the partition coefficients. We have estimated the relative uncertainty of the measured Ca concentrations of the solutions to be about 2% on the basis of the Ca concentration variation data for the run duration greater than about 300 hr. This figure includes both errors originating from the solution volume change and the Ca analyses. The analytical uncertainties for Sr and Ba analyses in both solutions and solids are assessed to be about 1%. Comparing the D values of Run-2 (360-684 hr) with those of Run-2 (684-968 hr), the relative difference for D Sr is about 0.7%, and the difference for the D Ba data is about 3%. Although it is rather difficult to estimate overall error in the partition coefficients (D Sr and D Ba ), the relative errors suggested in the present data are about 4 to 5%.
Comparison of measured D value to reported data
Since it is known that the trace element partition coefficient between calcium carbonate and aqueous solution is affected by growth rate (e.g., Lorens, 1981; Mucci and Morse, 1983; Tesoriero and Pankow, 1996) , our data are plotted against growth rate, R, together with the data available for calcite from the articles (Fig. 4) . Lorens (1981) examined Sr partition coefficients between calcite and aqueous solution at 25°C using a pHstat method similar to that described by Morse (1974) . The calcite crystals were precipitated from the initial 150 ml of solution containing 0.69 mol/l NaCl and 0.01 mol/ l CaCl 2 and its carbonate alkalinity was varied between experiments by adding different amounts of a standardized NaHCO 3 solution. The P CO2 for each run was set by mixing 100% N 2 with 1% CO 2 (balance N 2 ), and the pH was maintained constant by adding portions of 0.050 mol/ l Na 2 CO 3 . The resultant pH values of from 7.334 to 7.553 are somewhat lower than our value, i.e., 8.08. Lorens (1981) reported growth rate in terms of the mass of seed crystals used, which can be substituted for surface area (Wiechiers et al., 1975) , and a specific surface area of 0.8 m 2 /g was given. Thus we converted the reported growth rates in the mass-based growth rate into those in the area-based growth rate. The best fit line presented is drawn in Fig. 4 . Although our points deviate from this line, the difference do not seem to be large considering many discrepancies in the conditions. Tesoriero and Pankow (1996) reported the precipitation rate dependence of the partitioning of Sr and Ba into calcite using the precipitation method similar to that of Mucci and Morse (1983) . In their experiments, 400 ml of 0.22 mol/kg NaCl was maintained at 25°C and p CO2 = 1 atm in a water-jacketed beaker, and the precipitation was induced by slowly pumping in two solutions (0.5 mol/kg CaCl 2 and 0.5 mol/kg Na 2 CO 3 ) in gas-tight syringes using a dual syringe pump. The solution composition (including the pH) remained nearly constant, as the rates of Ca and alkalinity addition by the pump became equal to the rates of Ca and alkalinity loss by precipitation. Their results also show a near linear relationship between Tesoriero & Pankow (1996) This study A B log(D Sr ) and log(R). Note that these R values are recalculated using the specific surface area of the seed material estimated as 0.6 m 2 /g by the same authors. Both D Sr and D Ba are somewhat lower than our results (see Fig. 4 ). Although the reasons are not clear at present, such a difference might be related to their lower pH values (6.03-6.45) in comparison with 8.08 in the present study. Huang and Fairchild (2001) examined the Sr partition coefficient using a karst-analogue set-up in which a steady flow of NaHCO 3 and CaCl 2 solutions at air P CO2 (ca. 10 -3.2 ) and at 15 or 25°C were mixed just before passage through a tube or allowed to drip onto a surface. The Sr concentrations of these solutions are 0.007 to 0.0085 mol/ l and 0.0035 mol/l, respectively. Their D Sr values are slightly higher than our values, showing a possible weak dependency on growth rate (see Fig. 4 ). The pH values were not reported, but can be considered as slightly alkaline, as inferred from their chemical compositions. Mucci and Morse (1983) examined Sr partition coefficients for high Mg calcite (2.7 to 11.9 mol%) at 25°C and 0.31% P CO2 using a chemo-stat technique through the simultaneous injection of two titrants in equal amounts by a dual syringe pump. They demonstrated that D Sr values change with mole percent Mg in the calcite. It is known that the Sr content of marine skeletal calcites increases with increasing Mg content of the calcite (Ohde and Kitano, 1984) . Moreover, their calculated D Sr values (D Sr = (Sr/Ca) skeletal cal. /(Sr/Ca) seawater ) are almost consistent with the results of Mucci and Morse (1983) . Considering such observations, although D Sr for high Mg calcite seems to be higher than those for low Mg calcite, broad dependence of D Sr values of high Mg calcite on growth rate can be seen (Fig. 4) , as demonstrated by Mucci (1986) and Morse and Bender (1990) .
In addition to these D-R relationship studies, some partition coefficient data without R have been reported. For example, Holland et al. (1964) determined D Sr values using direct precipitation from ammonical CaCl 2 solutions by the slow release of CO 2 at relatively high temperatures (90-100°C), yielding 0.076 ± 0.006 for D Sr . Eastman (1984, 1986) et al. (1972) at 98°C. Moreover, Pingitore and Eastman (1986) showed that, if minor amounts of Ba or large amounts of Na (0.48 M) were added to a dilute Sr solution, a value around 0.06 for D Sr was found. They also suggested from this "competitive cation effect" in association with the "Sr concentration effect" that small amounts of Sr may be incorporated into a limited number of non-lattice sites in calcite. It was also pointed out that incorporation of Sr into these sites, presumably defects, noticeably affect D Sr only at low Sr concentrations and in the absence of competition from other large cations. Because our Sr/Ca ratios for the final values (0.00088 for Run-1 and 0.00098 for Run-2) fall in their higher Sr/Ca case and the Na concentration is also high, the Sr concentration effect might be small in our case.
The above-mentioned data indicate that our values fall within the range of the previously reported ones, though there are considerable scatter in those data in both D Sr and D Ba . These variations are considered to be caused by some controlling factors such as growth rate and chemical compositions of the solid and liquid as briefly discussed above, but a part of the reasons might be attributed to the difference in the experimental techniques used in those studies. This comparative scrutiny indicates that our new technique is worth adopting for further investigations on the trace element partitioning.
Technical features
The experimental design of the calcite formation for the examination of trace element partitioning needs several requirements. One is the attainability of steady state (e.g., Zhong and Mucci, 1993) , and this can be achieved relatively easily in our system. As shown in Figs. 2 and 3, the pH and the Ca concentration values were almost constant. Although the Sr and Ba concentrations decrease slightly during the experiments, our Sr and Ba concentrations fall in the safe range inferred from Pingitore and Eastman (1986) , as described in the preceding section. Moreover, our Sr and Ba concentration variation in the solutions during the runs are relatively small: for example, in Run-2, the relative change of the Sr concentrations in Run-2 (360 to 968 hr) is 4.7%.
It is also important to maintain constancy of the surface area of crystal growth in order to retain constant reaction rate during precipitation (e.g., Zhong and Mucci, 1993; Rimstidt et al., 1998) . In our method, the crystals grow on the inner side surface of the container, and thus the area is considered to be constant. Moreover, the growth rate in our method is regulated by the evaporation rate that is constant during runs. Furthermore, the evaporation rate can be controlled easily by changing dehumidification intensity and Ca concentration of the refill solution. Such controllable design makes it possible to set a relatively low crystal growth rate which is likely in nature.
As pointed out in the experimental section, the seed crystals did not grow significantly and the crystals were formed on the new board, which indicates that nucleation might occur in the solutions. Although it is not clear whether the initial precipitation takes place spontaneously (homogeneous nucleation), or the onset occurs on small suspended particles and/or on the container wall (heterogeneous nucleation), the trace element partition coefficients for the nucleation stage might be different from those for the subsequent overgrowth stage. If this is the case, the effect of the nucleation process on the partition coefficients should be examined carefully. However, once such primary nucleation has occurred, the crystals can grow on the calcite crystals. In this case, the total mass of the nuclei is much smaller than the total mass formed subsequently on the calcite crystals. Therefore, we consider that the abnormal partition coefficients for the nucleation stage do not contribute much to the bulk partition coefficients.
An important merit of our method is the large permissible range of mother solution composition. The chemical composition of the solution can be chosen, and therefore it is possible to use natural seawater or river water as mother solutions.
The temperature of the calcite formation can be controlled to mirror natural environmental conditions. Although the P CO2 in the present experiments fluctuated somewhat through daily atmospheric change and human respiration in the room, the P CO2 in our method can be regulated by using artificial CO 2 -N 2 gas mixture as has been used by the previous investigators (e.g., Zhong and Mucci, 1989) .
It may be difficult to assess reliable errors of our partition coefficients in our technique, but the estimated precision of about 4 to 5 percent is presented as discussed before. Although the reproducibility of the D values in the present data seems to be relatively good, it is expected that an appropriate reconstruction of the apparatus, careful handling and analyses could improve the precision of partition coefficients.
CONCLUSION
We have attempted a novel and easily manageable technique for calcite precipitation from aqueous solutions. The precipitation of calcite was induced by concentration of the mother solution via evaporation of H 2 O. The Sr and Ba partition coefficients obtained are consistent with those reported in the previous studies. The relative errors estimated are 4 to 5%, and there is room for obtaining better precision by more careful handling and analyses together with refining the apparatus. Temperature, P CO2 , and chemical composition of the mother solution can be controlled easily. An important merit of this method is that the solution composition of the mother solution can be chosen, which makes it possible to use natural waters. Moreover, this method could be used for aragonite and high Mg calcite formations. We would like to call this technique "evaporation method".
